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INTRODUCTION 

Considerable work has been done i n  t h e  area o f  c a t a l y t i c  carbon 

And y e t  t he re  i s  s t i l l  considerable unce r ta in t y  about t h e  bas i c  
gas i f i ca t i on (1 -3 )  
area.(4) 
fundamentals. D i f f e r e n t  k i n e t i c  measurements have been repor ted  f o r  
s i m i l a r  systems and d i f f e r e n t  t heo r ies  and mechanisms appear f o r  c a t a l y t i c  
g a s i f i c a t i o n .  

and recen t l y  an e n t i r e  i ssue o f  N w a s  devoted t o  t h i s  

The mechanism f o r  t h e  g a s i f i c a t i o n  o f  uncatalyzed carbon has been 
pos tu la ted  t o  be a s imple two s tep  oxygen exchange mechanism ( 5 )  : 

k. 

k 2-1 
C(0) ----+ co + Cf 

where Cf i s  an a v a i l a b l e  a c t i v e  s i t e ,  and C(0) i s  one which i s  occupied has 
been app l ied  t o  uncatalyzed g a s i f i c a t i o n .  I n  t h i s  paper, i t  w i l l  be 
app l ied  t o  Ca- and K-catalyzed as we l l .  From a k i n e t i c  ana lys i s  the  r a t e  
constant k '  can be determined. k i  i s  t h e  product o f  t h e  a c t i v e  s i t e  
dens i ty  a n i  t he  i n t r i n s i c  decomposition r a t e  constant,  k2. It s t i l l  
remains t o  uncouple t h e  a c t i v e  s i t e  dens i t y  from kh t o  determine k2. 

Such an uncoupl ing can be accomplished by a t r a n s i e n t  k i n e t i c s  
experiment. Other workers have examined t h e  t r a n s i e n t  k i n e t i c s  du r ing  t h e  
establishment o f  steady s t a t e  g a s i f i c a t i o n  cond i t i ons  and have repor ted  kl 
and k2. 
t h i s  present paper, t h e  t r a n s i e n t  k i n e t i c s  a re  s tud ied  as a steady s t a t e  
g a s i f y i n g  system re laxes  when t h e  ox idant  i s  suddenly removed from the  
system. 

(1) i s  d r iven  t o  the r i g h t ,  popu la t i ng  a l l  a v a i l a b l e  s i t e s  and producing 
one 0 molecule f o r  each a c t i v e  s i t e  reacted. A second molecule o f  CU i s  
formed when t h i s  complex decomposes. If t h e  ox idant  were t o  be r a p i d l y  
removed from the  system, reac t i on  (1) would be shut down bu t  t h e  sur face  
complex would decay w i t h  a c h a r a c t e r i s t i c  t ime  constant kp, i f  k-lCCOI were 
n e g l i g i b l e  compared t o  k2. One can es t imate  t h e  magnitude o f  k2 and k-l 
us ing  the  r e s u l t s  o f  Sy and Calo.(C) 
Calo's k and Ergun's (5& equi i b r i u m  constant.  et 1000 K and [CO? = 100 
ppm, k ,iCO] = 9.1 x 10- min- 1 
k-l[COj. A t  s u f f i c i e n t l y  low te!$rkGes t h e  decay t ime cons tan t  i n  t h e  
t r a n s i e n t  experiment w i l l  be l ong  enough t o  be measurable. 

The a c t i v a t i o n  energy f o r  k2 o f  44.8 kcal /mole seems low.(6) I n  

Under steady s t a t e  cond i t ions ,  i n  an atmosphere o f  C02, reac t i on  

k-l can be determined from S and 

1.6 min- . Indeed k2 >> 

If one were 

311 



mon i to r i ng  CO, one would expect t o  see i d e a l l y  an instantaneous dec l i ne  o f  
t h e  CO t o  one h a l f  o f  i t s  steady s t a t e  l e v e l  fo l lowed by an exponent ia l  
decay o f  CO. 

EXPERIMENTAL 

TGA exper iments were done w i t h  a Dupont model 951 thermogravi-  
me t r i c  analyzer.  CO CO, and A r  were p r e p u r i f i e d  grade and were used 
w i thou t  f u r t h e r  p u r i f i c a t i o n .  
Spherocarb (-60+80 mesh), Supelco's Carbosieve S (-120+140 mesh), g lassy  
carbon obtained from Atomergic Chemetals Corp., and a 1000°C char made from 
I l l i n o i s  #6 coal. Research grade anhydrous K2C$ was used as the  source o f  
potassium and was co-crushed w i t h  the spherocarb t o  make var ious mixtures 
of K$O3 on spherocarb. The Carbosieve was ox id i zed  overn igh t  i n  HNO3 t o  
prepare c a r b o x y l i c  a c i d  s i t e s  on the  carbon. 
t h i s  ma te r ia l  was then ion-exchanged i n  an ammoniated Ca (NO$, so lu t ion .  

For a run, approximately 50 mg o f  sample were loaded i n t o  t h e  
TGA. A l l  samples were f i r s t  heated under argon up t o  a pre-designated tem- 
pera ture  (50°/min up t o  900°C, f o r  non-potassium samples, 20°/min up t o  
8OOOC f o r  potassium samples). 
below these preheat temperatures. 
e f f e c t s  which might occur du r ing  g a s i f i c a t i o n .  
CO i n  C02 was t h e  most common) were prepared us ing  Matheson mass f l ow  
c o n t r o l l e r s  and passed i n t o  t h e  TGA a t  around 300 cc/min a t  a pressure o f  
10 kPag . 
o f  time. Steady s t a t e  s lopes were usua l l y  measured. For t h e  Ca samples, 
genera l l y  t h e  i n i t i a l  r a t e  was taken as the re  was r a t h e r  rap id  c a t a l y s t  
deac t iva t ion .  The r a t e  o f  carbon gas i f i ed ,  R, i s  de f i ned  as l / w  dw/dt 
where w i s  t h e  we igh t  where t h e  slope ( tangent )  was drawn and dw/dt i s  the  
s lope o r  r a t e  o f  we igh t  loss .  
gas i f i ed  per  gram o f  m a t e r i a l  per u n i t  t ime. F igure  1 i s  an Arrhenius p l o t  
f o r  one sample (209b K2C03 on Spherocarb) showing the  e f f e c t  o f  the  CO/C02 
r a t i o .  

The f low r e a c t o r  experiments were done i n  a 1 cm I D  quartz f low 
reac tor  w i t h i n  an open ended v e r t i c a l  furnace. The carbon samples sa t  on a 
qua r t z  f r i t ,  -2011 pore  s ize.  Gas f l ow  was about 1000 cc/min (Ar + CO,) and 
was passed down over t h e  sample. The sample thermocouple passed through a 
0.64 cm OD quar tz  tube  through the  l eng th  o f  t h e  reac to r  and was pos i t ioned 
j u s t  above t h e  fr it. 

passed th rough an 0, scrubber.  ?h is  was a packed bed (4g cm x 1.1 an ID) 
of copper chromite c a t a l y s t  (Harshaw Chem) operated a t  15O-16O0C. The 
Cata lys t  was a c t i v a t e d  by H2 reduct ion.  The bed should reduce o2 below 1 
ppm. CO was monitored us ing  a Thermo E lec t ron  Corpora t ion  Model 48 0 
analyzer.  

800-850"C under f l o w i n g  A r .  

The carbon samples used were Analab's 

To prepare Ca-treated carbon 

G a s i f i c a t i o n  was then genera l l y  done a t  o r  
Th is  was done t o  minimize any py ro l ys i s  

Mix tu res  o f  CO and C02 (10% 

The TGA da ta  were obtained measuring sample weight as a func t i on  

The u n i t s  o f  t h i s  are g/g/min o r  grams o f  C 

I n  order t o  minimize 0 contaminat ion,  both CO and A r  were 

c o p  was monitored w i t h  a Beckman Model 865 i n f r a r e d  analyzer.  

The procedure was t o  charge t h e  reac to r  with sample and heat t o  
This es tab l i shed a common re fe rence cond i t i on  
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f o r  a l l  samples. 
and 10% C02 was added t o  the  gas f low.  
was tu rned o f f  and the  decay i n  (XI monitored as a f u n c t i o n  o f  t ime. The 
observed time constant f o r  a t o  be swept out o f  t h e  s y s t m  was about 5 
sec (10%-90%). 

The temperature was then dropped i n t o  the  range 570-670°C 
When steady s ta te  was reached, a32 

The CO analyzer i ns t rumen ta l  t ime constant was 30 sec 
(0-95%). 

ANALYSIS 

I n  o rder  t o  p roper l y  reduce t h e  TGA data, t he  e f f e c t  o f  t he  
CO/CO2 r a t i o  had t o  be taken i n t o  account. 
k i n e t i c s  and app ly ing  the  steady s t a t e  assumption t o  C(0) i n  reac t i ons  (1) 
and (2)  and assuming t h a t  the  number o f  f r e e  s i t e s  remain constant w i t h  
burn o f f .  the  q loba l  surface r a t e  f o r  CO, a a s i f i c a t i o n  can be shown t o  be 

Using Langmuir-Hinshelwood 

where R i s  the measured r a t e  o f  carbon weight loss,  (C02) and (CO) are  t h e  
gas concentrat ions o f  CO and CO and [ C  3 i s  t he  a c t i v e  s i t e  dens i ty ,  g 
a c t i v e  carbon per g o f  i o t a 1  carbon. 
occupied and hence 
reduces t o  

An a c t i v e  s i t e  i s  e i t h e r  f r e e  o r  
CT= Cf + C(0). Ergun(5) has shown t h a t  Eqn. (3) 

~ ~ [ C T J  
= I+( CO/C02Keq) (4)  

under m i l d  g a s i f i c a t i o n  cond i t i ons  ( low T, low pressure).  I n  Equat ion ( a ) ,  

k g  se cond i t ions .  Eqn. (4)  can be rearranged so t h a t  
i s  t he  equ i l ib rum constant f o r  r e a c t i o n  (1) which i s  e q u i l i b r a t e d  a t  

(5) co 1 (-) = K k2[CTl (F) - Keq co2 eq 
Hence a p l o t  o f  CO/CO2 vs 1 / R  should y i e l q  a s t r a i g h t  l i n e  

w i t h  y -ax is  (CO/CO2) i n t e r c e p t  o f  -Keq and an x -ax is  (K) i n t e r c e p t  o f  l / k p  
CcTl 

The au thor  has app l ied  t h i s  mechanism t o  h i s  data f rom exper i -  
ments on c a t a l y t i c  g a s i f i c a t i o n  by C02 us ing  K and Ca as c a t a l y s t s  as w e l l  
as experiments w i t h  no c a t a l y s t  present.  i s  p l o t t e d  
i n  F igure  2. The curve i n  F igure  2 i s  t h e  pub l ished Ergun(5f'value f o r  Ke 
m u l t i p l i e d  by 2. 
o f  2 depending on which o f  two a lgeb ra i c  expression? he used t o  o b t a i n  
K Using Ke , a va lue  o f  k2[CT] ( z k i )  can then be obtained from eqn 
(8p:  These hage been p l o t t e d  as Ar rhen ius  p l o t s  i n  Figure 3. 

For t h e  f l ow  experiments, two t y p i c a l  CIl t races  are  shown i n  
Figures 4 and 5 f o r  t h e  carbon sample and f o r  t he  Cd impregnated sample. 
Note t h a t  i n  F igure  4 the re  i s  a s u b s t a n t i a l  d i p  which occurs when t h e  C02 
i s  f i r s t  turned o f f .  This phenomenon w i l l  be discussed l a t e r .  Two pieces 
of  informat ion were taken from each p l o t :  
g a s i f i c a t i o n  and the  r a t e  o f  CO decay. 

The C02 da ta  f o r  K 

I n  h i s  paper he mentioned t h a t  Ke can d i f f e r  by a fac to7  

t h e  steady s t a t e  va lue  f o r  c02 
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The steady s t a t e  value of  CO produced can be converted i n t o  the 
r a t e  constant, k h  knowing t h e  t o t a l  molar gas f l o w  and the  carbon load ing  
i n  the bed. From t h e  o v e r a l l  g a s i f i c a t i o n  s to i ch iomet ry  and t h e  molar gas 
f low, the  observed CO concent ra t ion  can be r e l a t e d  t o  the  moles o f  carbon 
be ing  g a s i f i e d  per  u n i t  t ime. Knowing t h e  i n i t i a l  bed weight, kh ( = l / w  
dw/dt) can then be determined. 

I f  the  r a t e  o f  CO decay i s  exponent ia l ,  t h e  decay constant i s  t he  
i n t r i n s i c  r a t e  cons tan t  f o r  the  decomposition o f  t he  surface complex. 
most cases, a t  a g i ven  temperature, a small non-zero CO value was obtained 
i n  the absence o f  C o p .  
l e s s  than 10% o f  t h e  steady s ta te  value. 

an Arrhenius p l o t  i n  F igu re  6. The data s c a t t e r  about the  l i n e s  obtained 
from the TGA work on s i m i l a r  samples. A lso  i nc luded  i n  Figure 6 a re  t h e  
decay constants from t h e  t r a n s i e n t  experiment, i.e. t he  i n t r i n s i c  r a t e  
constant,  kp. 

I n  

Th is  value was subt rac ted  out;  i t  was genera l l y  

The values o f  kb der ived  from t h e  steady s t a t e  data are shown as 

Least square ana lys i s  y i e l d s  an average value o f :  
= 1011.6t2.3 -53700+9400 ,,,in-l- 

2 exP RT 

( u n c e r t a i n t i e s  determined f o r  a 95% conf idence l i m i t ) .  

DISCUSS ION 

work f a l l  q u i t e  c l o s e  t o  t h e  l i n e  determingd by Ergun (see F igure  2 ) .  This 
i s  s t rong ly  suggest ive  t h a t  the  e q u i l i b r i u m  i n  equat ion  (1) i s  a f fec ted  
by the  presence o f  a c a t a l y s t .  Th is  i s  f u r t h e r  cor robora ted  by the  fac t  
t h a t  a f t e r  c o r r e c t i n g  f o r  t h e  CO/CO2 r a t i o  i n  t h e  manner descr ibed, t h e  
f o u r  l i n e s  i n  F igure  1 co l l apse  t o  one l i n e  i n  F igu re  3. Ergun determined 
t h e  a c t i v a t i o n  energy f o r  uncatalyzed C02-carbon g a s i f i c a t i o n  t o  be 59 
kcal/mole. Except f o r  g lassy carbon, i n  t h e  present experiments, l e a s t  
squares analyses on those systems w i t h  a t  l e a s t  seven p o i n t s  show ac t i va -  
t i o n  energies w i t h i n  3.2 kca l  o f  Ergun's value. 
F igu re  3 are p a r a l l e l  t o  one another, t h e  a c t i v a t i o n  energy f o r  reac t i on  
(2) ,  the desorp t ion  o f  CO, i s  independent o f  c a t a l y s t .  
r e a c t i v e  surface i n te rmed ia te  i n  t h e  c a t a l y t i c  cases must decompose as if 
t h e  c a t a l y s t  were no t  present i .e., it must decompose l i k e  r e a c t i v e  
adsorbates i n  uncatalyzed g a s i f i c a t i o n .  Th is  author i n t e r p r e t s  the  
p a r a l l e l  Ar rhen ius  p l o t s  shown i n  Figure 3 f o r  d i f f e r e n t  carbon-ca ta lys t  
combinations t o  mean t h a t  t h e  c a t a l y s t  i s  e f f e c t i v e l y  a c t i n g  s o l e l y  t o  
inc rease the  a c t i v e  s i t e  dens i ty .  

ments of about one h a l f  fo l lowed by an exponent ia l  decay s t rong ly  suggests 
t h a t  the  two step g a s i f i c a t i o n  mechanism i s  indeed c o n t r o l l i n g .  
now determine the  f r a c t i o n  o f  t o t a l  carbons which are "ac t i ve "  ---- 
d i v i d i n g  kh by k2 y i e l d s  t h e  a c t i v e  i t e  dens i ty .  For the  uncatalyzed 
carbon, one ob ta ins  a value, 4.7x10-* a c t i v e  ca rbon / to ta l  C. This ex- 
ceed ing ly  small va lue  i s  q u i t e  unexpected. 
area", t h i s  corresponds t$ about .019% o f  t h e  t o t a l  BET surface area ( t h i s  
was obtained us ing  1000 m /g  as the  BET sur face  area o f  the  carbon and 

The exper imenta l  values f o r  Ke (Eqn. 1) determined i n  t h i s  

Because the  l i n e s  i n  

This means t h a t  t he  

The observa t ion  o f  a decrease i n  a3 i n  t he  t r a n s i e n t  f l ow  exper i -  

One can 

In terms o f  " a c t i v e  sur face  
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8 ~ 1 0 - l ~  cm2 as t h e  area f o r  an a c t i v e  s i t e ( 7 ) ) .  
1/10 t h a t  o f  a c t i v e  surface measured v i a  0 
For high surface area chars, Radovic e t  a1f8) found a c t i v e  sur face  
a rea / to ta l  surface area -10%. These chemisorpt ion techniques measure 
a c t i v e  carbons w i t h  respect t o  0 adsorpt ion.  
0 2  it i s  not the case t h a t  a l l  $he s i t e s  a v a i l a b l e  t o  O2 are  assess ib le  by 
CO (9 ) .  Furthermore no t  a l l  of the a c t i v e  s i t e s  by chemisorp t ion  a re  
aczive i n  g a s i f i c a t i o n  s ince  some represent very a c t i v e  s i t e s  which are  
probably unava i lab le  f o r  reac t i on  because o f  a s t a b l e  carbon-oxygen complex 
wh i l e  o thers  o f  low r e a c t i v i t y  w i l l  form the  carbon-oxygen reac t i on  i n t e r -  
mediate on l y  very s lowly.  

The f a c t  t h a t  a c a t a l y t i c  system y i e l d e d  the  same k2 s t r o n g l y  
supports the  conten t ion  t h a t  Ca (and presumably o the r  a l k a l i n e  e a r t h  as 
we l l  as a l k a l i e s )  ca ta l yze  t h e  system by i nc reas ing  t h e  number o f  s i t e s .  
It does not a f f e c t  k2, t h e  ra te  constant c o n t r o l l i n g  the  removal of carbon 
atoms as Ul from t h e  l a t t i c e .  

Th is  i s  a f a c t o r  l e s s  than 
chemisorpt ion o f  G.raphon(4). 

I n  carbon g a s i f i c a t i o n  by 

The i m p l i c a t i o n  o f  these experiments i s  t h a t  a s imp le  two step 
oxygen exchange mechanism, al though an o v e r s i m p l i f i c a t i o n ,  can s t i l l  be 
used t o  exp la in  C02 g a s i f i c a t i o n .  The data he re in  are se l f - cons i s ten t .  
The steady s ta te  values f o r  k i  s c a t t e r  about ex t rapo la ted  TGA da ta  ob ta ined 
e a r l i e r  f o r  the  same samples. A c t i v a t i o n  energies f o r  k '  a re  - 58-60 
kcal/mole. 
F igure  6) d i f f e r i n g  by a f a c t o r  o f  100 y i e l d  t h e  same f. 
s c a t t e r )  w i t h  an a c t i v a t i o n  energy roughly t h e  same as ti. 

can be compared f o  t h e  value ob ta ined by Sy and 
Calo. A 1000 K they o b i a i n  k2 = 1.6 min- . I n  t h i s  work, a t  1000 K ,  k2 = 
. 7 1  min- , f a i r l y  good agreement f o r  a h igh  temperature r a t e  constant.  
Although the  unce r ta in t y  i n  the  a c t i v a t i o n  energy i s  f a i r l y  l a r g e  (53.7 t 
9.4) and encompasses t h e  value determined by Sy and Calo (44.8), t h i s  
author f e 
kinetics' '", i.e., AE - 59 kcal /mole would be most cons i s ten t  w i t h  t h e  
a v a i l a b l e  data and t h e  2-step oxygen exchange mechanism. 

da ta  presented here. One problem can be seen i n  t h e  Ca p l o t  i n  Figure 5. 
A f t e r  about 60% o f  the  surface complex has decomposed, the  r a t e  o f  CO 
decrease slows down, i.e. more 0) i s  l i b e r a t e d  than expected f o r  an ex- 
ponent ia l  decay. Apparent ly another mechanism f o r  Ul re lezse  becomes 
appreciable;  perhaps as j u s t  mentioned, complexes o f  lower r e a c t i v i t y  begin 
t o  decompose. 

below the  50% value be fore  beginning an exponent ia l  decay. 
po la tes  back t o  t=O, however, i t  appears t o  i n t e r s e c t  a CO va lue  about h a l f  
o f  t he  i n i t i a l  (because o f  the  d i l u t i o n  e f f e c t  o f  t h e  A r ,  t h e  va lue  should 
be 10% l a r g e r  than 1/2). What appears t o  be happening i s  t h e  f o l l o w i n g :  
I n  the case o f  uncatalyzed carbon, CO i n i t i a l l y  produced i s  scavenged by 
some surface species and can no t  escape as CO. Th is  scavenging species 
becomes depleted and CO i s  ab le  t o  escape from the  bed, thus  "resuming" t h e  
exponent ia l  decay. For Ca-catalyzed carbon e i t h e r  t h e  species does not 
exist, o r  t he  e f fec t  i s  swamped by t h e  h igher  l e v e l  o f  CO produced. The 

Two d i f f e r e n t  carbon systems which y i e l d  k '  fc.f. 
( w i t h i n  the  

The value o f  k 

fr 

t h a t  a AE c l o s e r  t o  t h a t  ob ta ined from g a s i f i c a t i o n  

There s t i l l  remain quest ions regard ing  the  i n t e r p r e t a t i o n  o f  t h e  

I n  Figure 4, a f t e r  a)2 I s  tu rned o f f ,  t h e  Ul s igna l  d i p s  w e l l  
I f  one ex t ra -  
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observa t ion  o f  such a l a r g e  d i p  suggests more compl icated chemistry than a 
simple two-step oxygen exchange mechanism. 

Other carbon systems a l so  suggest more compl icated chemistry. A 
d i f f e r e n t  Ca-catalyzed carbon (Ca-impregnated spherocarb) gave e n t i  r e l y  
d i f f e r e n t  r e s u l t s :  on CU2 removal ( i n  the  same temperature regime), the  CU 
signal  dropped t o  -90-95% o f  t h e  steady s t a t e  value, and no decay constant 
cou ld  be measured. T h i s  k ind  o f  behavior was observed w i t h  K CO /sphero- 
ca rb  samples. 
f u r t h e r  s low ly  w i t h  t ime. 
spherocarb gave a s i m i l a r  r a t e  constant as determined here bu t  t h e  CU f e l l  
more than h a l f  o f  t h e  steady s t a t e  value. The r e s u l t s  seem t o  depend on 
t h e  p a r t i c u l a r  carbon system not on t h e  experimental arrangement. It i s  
n o t  su rp r i s ing  t h a t  t h e  s t r u c t u r e  o f  t h e  carbon, t he  micro-pore d i s t r i b u -  
t i o n ,  the  na ture  o f  t h e  c a t a l y s t  o r  i t s  d i spe rs ion  may have an e f f e c t  on 
t h e  r e s u l t  i n  these k i n d s  o f  experiments. 

The CO concent ra t ion  dropped t o  about 90% and Zecgined 
I n  work done subsequent t o  t h a t  repor ted  herein,  
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Figure 2: Effect  of COICO, Ratio on L r i f i c a t l m  Rate 
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